Transcatheter aortic valve implantation (TAVI) has evolved from a challenging intervention to a standardized, simple, and streamlined procedure with over 350,000 procedures performed in over 70 countries. It is now a novel alternative to surgical aortic valve replacement in patients with intermediate surgical risk and its indications have been expanded to cohorts with bicuspid aortic valves, low surgical risk, and younger age and fewer comorbidities. Attention should be paid to further reducing remaining complications, such as paravalvular aortic regurgitation, conduction abnormalities, cardiac tamponade, and stroke. The aim of this review is to provide an overview on the rapidly changing field of TAVI treatment and to explore past achievements, current issues, and future perspectives of this treatment modality.
INTRODUCTION
Since the first in vivo transcatheter aortic valve implantation (TAVI) performed by Alain Cribier in January 2002 [1] , TAVI has been widely accepted as a method of treatment for severe aortic valve stenosis in inoperable patients, and as a reasonable alternative to surgical aortic valve replacement (SAVR) in moderate-and high-risk groups [2] . TAVI has undergone remarkable advances in the last 15 years, with over 350,000 procedures performed in over 70 countries [3] . Simultaneously with the development of TAVI procedures and methods of transcatheter heart valve (THV) production, TAVI has been undergoing a simplification and standardization process [3] . The aim of this review is to investigate: 1) changes in the clinical and anatomical indications for TAVI; 2) trends in the incidence of complications according to the advances and progress in TAVI; and 3) synopsis, current issues, and future directions in the rapidly changing field of TAVI.
Changes in TAVI indications
SAVR has improved symptoms and survival rates in most patients with severe aortic stenosis [2] . However, the 2005 Euro Heart Survey revealed that old age and severe heart failure were predictors of 1-year survival rate in severe aortic stenosis, surgery and survival rates were not correlated, and 1.3 of all patients with severe heart failure or those of old age could not undergo surgery [4] . In the midst of this clinical situation, TAVI emerged. The indications for TAVI have significantly changed in the last 15 years. TAVI is now indicated for inoperable patients and patients at low to high risk. The indications have been recently expanded to patients at moderate risk. In line with the results of a study that reported excellent TAVI outcomes [5] and a randomized comparative study on the procedure [3] , the 2017 American Heart Association (AHA)/American College of Cardiology (ACC)/Society of Thoracic Surgery (STS) Guideline extended the indications for TAVI to class I YUJM VOLUME 35, NUMBER 1, JUNE 2018 (level of evidence A) for inoperable patients with high risk, and to class II (level of evidence A-B) for patients with moderate risk [2] . A recent European treatment guideline included the results of Placement of Aortic Transcatheter Valve (PARTNER) trial A (high risk group), PARTNER B (inoperable patient group), PARTNER 2 (moderate risk group), CoreValve (high risk group), and Nordic Aortic Valve Intervention (NOTION) (moderate/ low risk groups) trials, in addition to those of Surgical Replacement and Transcatheter Aortic Valve Implantation (SURTAVI) (moderate risk group) trial. Although the current guideline recommends SAVR for patients with severe aortic valve stenosis and for moderate and low risk groups, it recommends TAVI for patients deemed inoperable by the heart team (class I, level of evidence B). The guideline states that the decision between SAVR and TAVI must be made by the heart team for patients who are at increased risk during surgical treatment (moderate-risk patients and patients with STS score or Euro-SCORE II ≥4%) [6] . TAVI is preferred for patients of old age for whom the femoral artery approach (class I, level of evidence B) may be used [6] .
TAVI indications for specific population
Attention has been given to the expansion of TAVI indications for specific patient groups. Research on this topic is being actively conducted today.
Degenerated surgical bioprosthesis
Percutaneous valve-in-valve (ViV) insertion has been receiving much attention as a relatively safe and less invasive treatment from patients with failed surgical bioprosthetic valve insertion [7] . Based on data from registry clinical studies, selfexpandable CoreValve ® (Medtronic, Minneapolis, MN, USA), balloon expandable SAPIEN XT ® , and SAPIEN 3 ® transcatheter heart valve (THV) (Edwards Lifesciences Corp., Irvine, CA, USA) have been approved for use in high-risk patients for whom surgical bioprosthetic valve insertion has failed. A multicenter registry study has reported that failure of surgical bioprosthetic valve due to stenosis and degeneration is associated with the use of a small valve size [7] . From the technical point of view, ViV TAVI reduces the incidence of paravalvular aortic regurgitation (PAR) and the frequency of new cardiac pacemaker insertions compared to natural aortic valve TAVI. However, it increases the risk of coronary artery obstruction and the frequency of patient-prosthesis mismatch. Two prospective studies using PARTNER 2 ViV registry and CoreValve US Expanded Use have been recently published [8, 9] . The former registered 96 patients in the early research period and added 265 patients under the same protocol following the primary research completion. The postoperative 30day mortality and 1-year mortality rates were 2.7% and 12.4% in the entire cohort. The 1-year mortality of the first 96 patients was 20%, and that of follow-up patients was 9.8%, showing a significant improvement in the mortality rates along with improvement in clinicians' skills [9] . The CoreValve US Expanded Use study included 223 patients with symptoms caused by impaired function of a surgically-treated valve. The allcause mortality was 2.2% at 30 days after surgery and 14.6% at 1 year. Moderate or severe PAR occurred in 3.5% of patients. The predictors of high transvalvular pressure gradient at the time of discharge were the size of inserted valve at the time of surgery, the degree of stenosis of failed valve, and patientprosthesis mismatch [8] [9] [10] . Complications related to ViV TAVI can now be significantly prevented by accurate preoperative screening tests and through technical advance [10] . Important challenges of ViV TAVI treatment in patients with a small-sized surgical bioprosthetic valve remain higher postoperative transvalvular pressure gradient and late mortality rates than those of other patients with ViV TAVI. It was reported that positioning the THV slightly above the aortic annulus or in the annulus can reduce this phenomenon [10] . Researchers have proposed a technique of fracturing the inserted bioprosthetic valve ring using a high-pressure balloon as a way to make the process of ViV TAVI easier. This strategy reduced transvalvular gradients, increased useful cross-sectional area of the valve, and enabled additional THV expansion [11] . If the technique produces good results, TAVI may become the preferred method of treatment for patients with failed surgical bioprosthetic valve. The development of customized equipment for these patients is also anticipated.
Bicuspid aortic valve
Bicuspid aortic valve has high prevalence in relatively young patients with aortic valve stenosis, and accounts for 20% of all surgical treatments in elderly persons aged 80 years or older [12] . In the early period after development, TAVI produced unsatisfactory outcome in patients with bicuspid aortic valve due to the cusps that are more oval compared to those of the normal aorta, irregular, and severely calcified, as well as due to calcified raphe. In a study on first generation THVs, 15.9% of patients with aortic stenosis and a bicuspid valve treated with TAVI showed moderate or severe PAR, and the incidence of THV malposition was also high [12] . Yoon et al. [13] recently published a study on clinical outcomes of patients who underwent TAVI for bicuspid and tricuspid valve stenosis. They reported a higher incidence of aortic root damage, second THV implantation, and PAR among patients with bicuspid valve stenosis. In their study, the incidence of complications caused by TAVI was the highest among patients with type 1 bicuspid valves and severely calcified raphes [13] . Based on the currently available findings, bicuspid aortic valve should not be excluded as an indication for TAVI. However, the outcomes may not be as excellent as that for tricuspid valve. Considering the variations in the aortic structure and the location of valvular calcium, the indications for TAVI must be carefully reviewed.
Low-risk population
Although limited data are available about the effect of TAVI on low-risk populations, publication of the results of PARTNER 3 and Low-Risk Evolut clinical trials is expected. The NOTION study is the only randomized trial on TAVI and SAVR in a low-risk population, in which 82% of 280 low-risk patients were randomly exposed to TAVI or SAVR in a 1:1 ratio [14] . The primary endpoints were combined cardiovascular events that occurred over 2 years, including all-cause death, cerebrovascular infarction, and myocardial infarction. No difference was found in these endpoints between the two groups (15.8% vs. 18.8%, p=0.43) [14] . Similar to the results of a previous study on high-risk and moderate-risk populations, the ratio of cardiac pacemaker implantation and PAR was high among patients who underwent TAVI, and the risk of hemorrhage, cardiogenic shock, acute renal failure, and preoperative and postoperative atrial fibrillation was higher among patients who underwent SAVR [14] . By applying the experience of moderate-risk populations with TAVI to low-risk populations and detecting certain anatomical and technical factors that can choose between TAVI or SAVR in low-risk populations, it may become possible to choose the best method of treatment for these patient groups [15, 16] .
Aortic valve regurgitation
The role of TAVI in the treatment of aortic valve regurgitation has been extremely insignificant, and it has been used for off-label indications in extremely high-risk populations. Currently approved TAVI instruments have been designed for the purpose of calcified aortic valve stenosis treatment. There is almost no data about the safety and efficacy of TAVI for the treatment of severe aortic valve regurgitation. JenaValve TM (JenaValve Technology, Munich, Germany) is the only commercially available THV that obtained the Conformité Européene mark for the treatment of patients with severe aortic valve regurgitation, inoperable patients, and high-risk patients, and uses the transapical approach [17] . Some studies have reported successful TAVI using THV and transfemoral approach [17] . Compared to TAVI in aortic valve stenosis, TAVI for pure aortic valve insufficiency is much more difficult to perform, and have a lower success rate, safety, and clinical efficacy. The risk of THV mobilization and migration is high in patients with pure aortic valve regurgitation, since they do not have a calcifiedaortic valve and aortic annulus. In fact, THV of the previous generation produced poor clinical outcomes due to THV embolization, migration, and PAR. However, Sawaya et al. reported that by using the new generation THV in patients with the same disease, the success rate for device installation could be increased up to 85% (54% vs. 85%, p=0.011) [18] .
Preclinical and clinical studies are being conducted on a new THV(J-Valve TM , JieCheng Medical Technology Co., Ltd., Suzhou, China) designed for installation on non-calcified aortic valves, and the indications for TAVI might be expanded to patients with aortic valve regurgitation [19] .
Procedural advances and complication trends

Trends of complication
Despite the remarkable advances in THV production and implantation techniques, some serious complications should be still considered.
In the early period after TAVI introduction, vascular complications, neurologic events associated with the procedure, [3] . Attention on aortic rupture and coronary artery obstruction has recently been increasing as these complications, despite their low incidence, can be lethal [9] . Since the indications for TAVI have gradually been expanding to young and low-risk patients, long-term durability and intravalvular thrombosis have emerged as important issues to be considered [20] [21] [22] . [24] . SAPIEN 3 ® THV is designed as a cobalt-chrome structure with three leaflets inside a cobalt-chrome structure. Compared to SAPIEN XT ® from the previous generation, SAPIEN 3 ® has a reduced diameter (14 Fr) , and its valve cell structure was reinforced by introducing an open upper cell and a closed lower cell. Furthermore, an external seal was added to reduce PAR.
Procedure and THV advances
Evolut R ® THV consists of a tricuspid heart valve sealed inside a self-expanding nitinol structure. It has been redesigned from the CoreValve devices from previous generations to gain an optimized radial force during valve implantation, and to enable retrieval and repositioning. Evolut PRO ® , which has been recently approved by the Food and Drug Administration (FDA), consists of the same platform as Evolut R ® , with additional external parts added to decrease the gap between the valve and the distal aorta, and to reduce PAR. Table 1 compares SAPIEN THV, which is the most commonly used THV, with CoreValve.
LOTUS TM THV is a tricuspid valve supported by a sealed nitinol frame. It is the only THV that allows complete retrieval and repositioning even after the valve is completely implanted. Although it has the lowest incidence of PAR among all approved THVs (Fig. 1) , it leads to conduction abnormalities requiring pacemaker insertion in 30% of patients following valve insertion ( Fig. 1 ) [24] . The new generation LOTUS Edge TM THV (Boston Scientific, Marlborough, MA, USA) with Depth Guard TM release mechanism (Boston Scientific, Marlborough, MA, USA) has been developed to lower the incidence of conduction abnormalities, and is still being tested in clinical trials with results waiting to be released. Portico TM (St. Jude Medical, St. Paul, MN, USA) valve is Fig. 1 . Comparison of the incidence of permanent pacemaker implantation and more than mild PAR in patients with new-generation TAVI devices [21] . PAR, paravalvular aortic regurgitation; TAVI, transcatheter aortic valve implantation.
a self-expansive stent. The main characteristic of this THV is that it can be repositioned multiple times, and the coronary artery entrance can be easily found due to the large stent cells. ACURATE neo TM (Symetis, Ecublens, Switzerland) valve is a self-expanding nitinol stent, and consists of three stabilization arches for axial alignment on the aortic annulus, an upper fixture for positioning on the aortic annulus, and an open lower body. Although this THV cannot be retrieved or repositioned, it is extremely stable during implantation.
Access routes and vascular complications
Early TAVI procedures used the anterograde transseptal approach. Now, the transfemoral approach is the most preferred access route. Alternative routes (transapical, transaortic, and trans-subclavian) have additionally been developed, and their executability and reliability have been verified [25] ; they must be assessed in a large number of patients. New assessment must consider clinician's level of experience, situations within individual hospitals, and patient's anatomical structures.
Historically, vascular complications have been important limitations of TAVI alongside the amount of blood loss, amount of blood transfusion required, and hemodynamic instability [26] . However, with advances leading to miniaturization of delivery systems, improved patient selection and choice, and increased clinicians' experience, the incidence of lethal vascular complications has been reduced [26] . Today, vascular complications usually occur as minimal hemorrhage or vascular injury that can be managed through percutaneous surgery, such as arterial wall dissection and arterial obstruction [26] .
Cerebrovascular events
Cerebrovascular events have shown high morbidity and mortality, and were a major topic of interest in the early period after TAVI was introduced [3] . In a large-scale meta-analysis including 72,318 patients from 64 studies, the 30-day incidence of cerebrovascular events was 3.3% [27] . Many potential predictors of cerebrovascular events following TAVI have been identified, and most episodes of cerebral embolism that occur during TAVI were thought to occur during balloon angioplasty, manipulation of a catheter on the aortic valve, and valve implantation [3] . However, it has been revealed that about 50% of all cerebrovascular events caused by TAVI occur in the 24 hours following TAVI [28] . These cerebrovascular events are believed to originate from thrombus formation (e.g., newly developed atrial fibrillation), and indicate that the patient with TAVI might develop other diseases. Although cerebrovascular events present clear clinical symptoms, most patients treated with TAVI do not show clinical symptoms. However, it has been found that patients treated with TAVI who do not show clinical symptoms may show new cerebral ischemic lesions on brain magnetic resonance imaging [3] . According to the results of a recent study, the incidence of cerebrovascular events decreased by 2.5% over time compared to that of early TAVI procedures [23] . This trend can be explained by improved equipment systems and operator's level of experience owing to technical advances. YUJM VOLUME 35, NUMBER 1, JUNE 2018
In addition, several brain protection devices have been developed to prevent cerebrovascular events that occur during or immediately after TAVI [29] , including Sentinel TM (Claret Medical, Inc., Santa Rosa, CA, USA) and TriGuard TM (Keystone Heart, Tampa, FL, USA). They were reported to reduce the size and number of subclinical/asymptomatic cerebral embolisms during TAVI [29] . Although Sentinel TM is the only FDAapproved device, it has failed to show meaningful reduction in cerebral infarction in clinical trials.
Conduction abnormalities
Since the aortic valve is located proximally to the cardiac conduction system, conduction abnormalities are frequently observed in patients treated with TAVI. Left bundle branch block (LBBB) is the most common conduction abnormality following TAVI, and complete atrioventricular block is the most important conduction abnormality that requires permanent cardiac pacemaker insertion. The frequency of cardiac pacemaker insertion following TAVI depends on the type of THV used. Conduction abnormalities can lead to left ventricular dyssynchrony, reduced left ventricular ejection fraction, increased hospitalization period, and increased need for cardiac pacemaker in the early and late period [30] . Preoperative anatomical evaluation of the valve, and selection of the most appropriate device are crucial for reducing the incidence of conduction abnormalities [30] . However, the problem of conduction abnormalities could not be completely resolved even after the development of second generation THV (Evolut R ® , LOTUS TM ) and addition of the possibility of THV retrieval and repositioning [24] .
Paravalvular aortic regurgitation (PAR)
PAR is a complication of prosthetic aortic valve replacement that occurs more frequently following SAVAR than after TAVI [3, 31] . The reported incidence of moderate or severe grade PAR following TAVI using a first generation THV was 12-21% [31] . PAR of moderate grade or above has clinical associations, and increases the risk of all-cause mortality [32] . The three major causes of PAR that occur during TAVI are severe valvular calcification, setting a small THV size before the procedure, and unstable THV binding within the aortic circumference due to THV displacement. A drastic decrease in the incidence of severe PAR has been observed over time [24] . This fact is related to the possibility to measure the aortic annular size before surgery owing to the advances in medical imaging, more wide distribution of next generation THVs with higher predictability due to the valve repositioning function, and the development of structures with an external suture tape that can fill the space between THV and aortic wall The incidence of PAR, although reduced, varies among different THV systems (Fig. 1 ).
Coronary occlusion and aortic root rupture
Based on current TAVI data, the incidence of coronary artery obstruction and aortic root or aortic annulus rupture is generally below 1% [10] . The obstruction of coronary arteries in the natural aortic valve occurs because of a calcified valve of large size or the external suture leaflet on the opening of coronary artery being displaced due to TAVI. Narrow Valsalva, severe cusp calcification, and low positioning of coronary arteries opening are major predictors of coronary obstruction during TAVI [10] . When performing aortic angiography and balloon angioplasty before surgery, it is necessary to check if the coronary artery opening is getting obstructed as the balloon expands. When the balloon is completely expanded, the coronary opening bumps into the Valsalva wall due to the calcified cusp, and may become obstructed [33] . A common strategy when the risk of coronary obstruction is high due to TAVI is to insert a wire and balloon or stent in advance, and then perform TAVI. If coronary obstruction occurs, an emergency procedure is performed.
Aortic root rupture has poor acute prognosis [10] . Two important characteristics, moderate to severe LVOT/subannular calcification and THV oversizing, in which the produced valve is larger than the aortic annulus, are associated with aortic root rupture and para-aortic hematoma. These complications can be prevented by carefully choosing the THV type and size.
Transcatheter heart valve failure
TAVI is currently performed in relatively young patients with low risk. The average life expectancy is gradually being used for relatively young patients and low-risk patients, and is expected to exceed that of patients who underwent early TAVI procedures, which is related to long-term durability of THV. Failure of THV implantation can present as stenosis (calcification, pannus, or thrombosis) or artificial valve regurgitation (reduced cusp mobility, cusp ripping, or endocarditis) [20] . In PARTER I study that monitored patients for 5 years, no significant increase in the mean THV gradient or structural valvular worsening was observed [20] . Three studies have reported on the 5-year progress following treatment with SAPIEN or CoreValve [20] . In two of these studies, no problem related to the durability of THV and no significant change in transprosthetic gradient were detected. The incidence of THV dysfunction was 3.4% and 4.2% in each study [20] . Although thrombosis rarely occurs as a result of failed THV implantation, it has drawn clinical attention [21, 22] . With a recent observation of normal transannular pressure gradient in association with subclinical leaflet thrombosis, reduced cusp mobility has been reported to affect both the percutaneously-inserted cardiac valve and the surgically treated valve [22] . In RESOLVE and SAVORY studies, subclinical leaflet thrombosis could be diagnosed by computed tomography (CT) in 12% of 890 patients. Five of 138 patients (3.6%) with surgically implanted valves and 101 of 752 patients treated with TAVI (13.4%) showed subclinical leaflet thrombosis [22] . Although no difference was found in the incidence of stroke between patients with reduced valve mobility and those without, the risk of transient ischemic attack was significantly higher in patients with subclinical leaflet thrombosis diagnosed by CT, than in those without (6% vs. 1%; p<0.001) [22] . These data show that although dual antiplatelet therapy (DAPT) has been the standard method of treatment since TAVI, anticoagulation therapy may be useful in the future. The incidence of reduced cusp mobility following TAVI was significantly lower in patients who received DAPT (3.6% vs. 14.9%, p<0.001) than in those who received oral anticoagulants, and non-vitamin K oral anticoagulants prevented thrombosis as effectively as warfarin [22] . A global study compared the rivaroxaban antithrombotic strategy to an antiplatelet-based strategy after transcatheter aortic valve replacement to optimize clinical outcomes (GALILEO), while another trial assessed the anti-thrombotic strategy after trans-aortic valve implantation for aortic stenosis (ATLANTIS). Currently, clinical trials are being conducted in which a non-vitamin K oral anti-coagulant (Rivaroxaban ® , Apixaban ® ) is administered to prevent valve thrombosis and other symptoms in patients who underwent TAVI. The current 2017 ACC/AHA guideline recommends the use of war-farin for 3 months following TAVI [2] . Although the incidence of infective endocarditis is low (0.5-3.1%) after TAVI, infective endocarditis is one of the most serious complications of TAVI [33] . In a multicenter registry study on 250 cases of postoperative infective endocarditis, the in-hospital mortality rate was 36%, and the 2-year mortality rate was 66.7% [34] . Young age, male sex, diabetes mellitus, and moderate to severe residual aortic regurgitation were associated with increased risk of infective endocarditis [34] .
Although THV failure and organ durability are major topics of interest, TAVI reoperation has been found to be safe and effective based on mortality and morbidity in comparison with redo valve surgery [35] .
Procedure optimization
One of the biggest issues surrounding TAVI is the standardization and simplification of TAVI procedure. Many researchers have endeavored to create a program aimed at the preoperative, intraoperative, and postoperative standardization and simplification of TAVI in the last few years [36] [37] [38] .
Preoperative optimization
TAVI requires several preliminary assessments and tests for confirming clinical and anatomical indications by echocardiography and CT. These tests are generally to be performed without hospitalization. The TAVI team must think beyond the traditional clinical and anatomical criteria of TAVI indications, but consider the clinical, nonclinical, and psychological factors that can affect postoperative recovery. These factors include the patient's will to participate in heart rehabilitative therapy, likelihood of getting Alzheimer's disease, and family support.
Intraoperative optimization
For the stabilization of TAVI, optimization and simplification of the procedure are necessary ( Table 2) . Although many operators perform TAVI in a hybrid operating room, TAVI can be safely performed in a common cardiac catheterization room. If the femoral approach is being used, the presence of a cardiac surgeon is not required. However, it is important that a cardiac surgeon participates in the evaluation process and manage potentially lethal complications. Performing TAVI YUJM VOLUME 35, NUMBER 1, JUNE 2018 via the femoral approach under local anesthesia, and not performing back-up transesophageal echocardiography and balloon angioplasty are one of the strategies to reduce the invasiveness and cost of the procedure. In addition, a temporary pacemaker must be removed at the end of the procedure if there is no concern about conduction abnormalities.
Postoperative optimization
Following the procedure, special attention must be given to patient's hemodynamics and heart rate. They must be carefully monitored in the coronary intensive care unit or operating room for at least 10-15 minutes. Next, the patient's clinical conditions must be thoroughly assessed according to the procedure outcome, and electrocardiography and echocardiography data. If there is no hematoma near the blood vessels and no bleeding problem, and the pacemaker has been temporarily removed, the patient must be allowed to move after a few hours, and must be discharged as soon as possible if he/she has no complications.
Early discharge (within 24-72 hr) after TAVI has been found to improve patients' motor function and accelerate recovery without compromising the safety of the procedure; this approach has also been confirmed by the experience on patients in Europe and North America [34, 35] . Based on clinical experience, conduction abnormalities, hemorrhage, and acute renal injury are the factors that most frequently extend the hospitalization period. Consistent monitoring of acute A-V block is necessary. TAVI has been actively performed in many domestic institutions. However, the procedure places a huge financial burden on patients due to its cost. TAVI may be perfor-med even more actively if the procedure is simplified to reduce the cost and health insurance coverage is provided for TAVI.
CONCLUSION
Although TAVI is a complex procedure, significant advances have been made through the simplification and standardization of the procedure, while other improvements are still underway. It is anticipated that through consistent technical advances and simplification of the procedure, TAVI will be more widely used, and be accepted as a safe procedure.
